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B3

Linear Interference Excision Methods

* Previous section has focused on linear interference excision capabilities — it remains to discuss
algorithms that can achieve this capability in practice

« Linear algorithms can be divided into two broad (nonexclusive) classes of techniques:
— Channel-directed or calibrated methods
» Combiner weights developed based on known or estimated propagation channel

» Includes parametric methods based on DF of the SOl or SNOI's (DF-aided copy methods), and nonparametric
methods based on measurement and feedback of channel state information (CSl) to the receiver

— Data-directed or uncalibrated methods
» Combiner weights based on known/estimated content or structure of the transmitted SOI
» Channel estimation/parameterization typically not needed
» Includes both nonblind and blind methods

« Both classes include cooperative methods in which the SOI emitter aids the interference excision process
— Provision of emitter locations to aid parametric channel-directed methods
— Exploitable SOI pilots or structure

» Choice of algorithms further influenced by characteristics of the environment and application
— Strong SNOI's emphasize robust methods (e.g., voltage domain)
— Highly dynamic SNOI's or SOI's (e.g., VolP) emphasize rapidly converging methods
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B? :
Comparison of General Methods
Method Description/Example Advantages Limitations
CSl-based Measures channel-state at Tx, Easiest approach for re- Requires feedback path
nonparameter- | feeds back to Rx on side channel. | ceiver (cost, latency, vulnerability)
ized channel- | Raquires measurement and provi- | Can track arbitrary (slowly | Hypersensitive in strong in-
directed) sion (feedback) of CSl to receiver | varying) channels terference
Fails in strong interference
Model based | Develops channel state from stored | Potentially fastest adaptation | Requires parameters (feed-
(parameter- channel models or cal data if parameters avail- back path, loading limits)
ized channel | Reqjires estimation or provision of | 0le/observable Hypersensitive in strong in-
directed) emitter parameters (e.g., geo/DOA) | Geo-observables typically | terference
provided as part of algorithm Very sensitive to parameter
error, cal/modeling error
Pilot-based Uses known SOl pilots or training | Highest SINR; strongest ex- | Requires knowledge or pro-
(nonblind data- | signals to develop weights cision capability vision of pilot
directed) Requires known SOl pilot, estima- | FOA and TOA provided Requires allocation of
tion of FOA and TOA for sync Higher loading limits channel resources to pilot
Structure Uses known/induced SOI structure | Performs under strong inter- | Sensitive to SOl model er-
based (blind | to develop weights ference ror
data-directed) | Requires known SOI structure Capture without FOA/TOA | Potential capacity loss due
Higher loading limits to imposition of structure
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B3 Comparison of SOI Capture Results, Extreme Environment (16.51

dB Ideal Max SINR)

Parametric Channel-Directed

* Linearly-constrained power
minimization, known DOA

6.85 dB misadjustment

Blind Data-Directed
Static least-squares CMA
0.15 dB misadjustment

Nonblind Data-Directed
FFT least-squares algorithm
0.07 dB misadjustment
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B3 :
Example Data-Directed Methods
« Known components Example PHY Example Algorithm
— Pilots, preamble, midambles GSM, UMTS, 802.11 DSS PHY FFT least-squares (FFT-LS)
— OFDM training signals 802.11 OFDM PHY’s FFT-LS
« Limited time/frequency support
— Limited time support GSM, Bluetooth  Time-gated dominant mode prediction (TG-DMP)
— Limited frequency support GSM, Bluetooth Frequency-gated DMP (FG-DMP)
— Known DSSS code 802.11, UMTS Code-gated DMP (CG-DMP)
- Self-coherence properties
— BPSK, ASK, OOK, MSK, CSK 802.11, Zigbee Conjugate self-coherence restoral (C-SCORE)
- PAM PHY GSM/EDGE Auto-SCORE (A-SCORE)
— OFDM cyclic prefix 802.11, 802.16, LTE DL Auto-SCORE (A-SCORE)
+ Modulus properties
— Constant waveform modulus GSM, Bluetooth Least-squared CMA (LSCMA)
— Constant symbol modulus EDGE, 802.11 DSS, CCK, OFDM SIGNAL ~ LSCMA (FSE structure)
— Multiple symbol moduli 802.11 OFDM, 802.16 DL COMA, LSMMA

— Known symbol constellation 802.11, 802.16 OFDM Decision direction/feedback (DDA/DFA)
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B3

Example Nonblind Data-Directed Method: FFT Least-Squares

« Applicable to applications in which the signal of interest contains a known or estimable pilot with an
unknown delay or frequency offset

— GSM training sequence code (TSC) (8 possible)

— Pilot modulated bits on UMTS UL-DPCCH (4 possible in uncompressed slot formats)

— 802.11 DSS and CCK preamble (two possible preambles — more if nonstandard initial state used)
— 802.11 OFDM long training sequence (L-LTF); 802.11n HT-LTF

— 802.11 OFDM short training sequence (L-STF), HT-STF, pilot subcarriers, low dispersion channels

- Straightforward extension of least-squares method for capture of signals with unknown FOA or TOA
— Mechanized at low cost using QRD and FFT algorithms
— Coreware available for implementation in FPGA (e.g., Xilinx FFT and Accelware cores)

+ Drawbacks:
— Requires knowledge/search over pilot signal
— Only optimizes SINR over the pilot interval or channel
» Limits applicability to many commercial waveforms
» Vulnerable to intelligent jamming measures if not added correctly
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Example: GSM Training Sequence Code (TSC)
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Multiframe 0 Multiframe 1 (120 '\rnnlgt;fézmtefrzame] Multiframe 3
Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot | Slot
00 01102 03|04 )| 05|06 |07 10 23.7 | 240 | 241 |24.2 | 243 | 244 | 245 | 246 | 24.7
BN | .. BN BN| ., |BN BN | ., BN/BN . BN
3 60 | 61 70 77 86 87 144
Midamble Bit (GSM 5.02, A = BN61, Z = BN86)
TISC/A|B|C|D|E|F|G|H|I|J|K|/L/IM|N|IO|P|Q|R|S|T|U|V|W|X|Y|Z
o jO|O|1T|]O0O|O|1T]O|1T]|1|{1|{O0O|O|OfO(1T]|O|O]|O}|1|[O]JO|1T]O]1T]1]1
1 ojofjt1jof{1f{1f{of1f{1{1j{o{1{1{1{1jo0jo0ojoj1jof{1{1({0(1[1]1
2 {({0o|t1{o0o(ofo(o(1y1y1tjof{t1{t1{t1f{o{1jojojt1j{ojo0o(o0o(oy1y1111]0
3 |jojt1jojo0jo0|1t|1|1tj1jof{1{1f{of1f(ojojoj{1j{ojo(o(1|1111111]0
4 (0ojo0jo0f{1{1{o(1f{of1t{1yt1y0{ojt1j{ojojojojoj1f{1{of1({oy1|1
5 (]oj1jo0|0|1|1|1]0}|j1{0f(1f{1f(0fO0OfO]jO|O|1T|]O|O|[1T|1]1]0]1]0
6 1{o0(1jojoj|tj|1tj1t{1(1(o0(1(1(0(0j0{t1{o0f{1{ojoj1y1|1|1]1
7 11111101 {1|1{1(0{0J0|1{O0O]JO|1T]O[1|[1T]|1][0[1[1]1[1]0]0

~ Cyclicstructure
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B3 .
Example: GSM Training Sequence Code (TSC)
Encode data Insert TSC, Map to Gaussian Frequency
bits " tailbits * toDBPSK | | fiter | " modulate

Frame-Rastered Transmit Data
(constant frame phase and carrier offset removed)

w
=
=
w
|
FTTFITTIFITIINY

I RR B IRARERRANAN

\_n__;.\_u.s__;.

I 1 I I !
0 s 100 s 200 ps 300 ps 400 ps 500 us al

Exploitable Pilot
« Known complex amplitude over TSC time segment
* Cyclic structure over first & last 10 TSC symbols
 Unknown (estimable) interframe phase & carrier offset
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3
B FFT-LS Algorithm
(0) | [ X))o 70 |
X= : p(n) = known pilot Qp = : U= (O) u(K—l)]
x" (N—l) o = unknown FOA q/; (N—l) u(k _ N_lw(n)qp (n)e—j27rkn/K
* =0
)=o)l
Select Q @QQ FFTeach U Initiali
pilot?n?grval NxM S NxM T N xc M colurr?r? ((:!p KxM Foxléztlifr?ate
M X/\/I?, {p(n)}N_l G501 = Ko / K
upper-triangular n=0 k . =arg ml?xHu(k)H

Dewhiten _ U0 =819 Maxp () Optimize FOA _ |
u( o) p(oc) _ HU(O‘)H (Newton)

Apply to
full data set

N -1
Wsol —”(O‘sm)R

M x1

(o) =" w(n)a, (n)e 27
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Example QRD: Modified Gram-Schmidt Orthogonalization

i fim
R= .t |, MxM,upper-triangular
. } 0 mny
Ml »QrRD - »{QR}  X=QR |, .
N M = chol{ X"'x]
Q=[q, - q,] NxM NzM
Q"a =1,
>D >q]lr.L] qm
gg X, o X > rmm:q%xm’
| ’%’{rm,z . m Xy < X' —Imm'Am
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Demonstration for Extreme Excision Example

Single-Element Antenna Output
(spatially isotropic antenna elements)
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FFT-LS FOA Spectra Each Emitter, TBP = 256
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B3

FFT-LS SOI Extraction Performance, 256-Symbol TBP

 SOIRecovered with +16.1 B max-SINR —— Extracted SOI
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Implementation in Fully Adaptive MIMO Networking Transceiver*
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Digital Hardware
PHY OFDM
TXOM;A‘C —» data -» 2:1:2 S B-II-=XN ——» modulate —»
P encode bank
A A : t
HTTP Tx Tx
data PHY-IA BFN «  TRCTX
encode TRANSECK  adaptl | o
K Rx BFN | TRC
HTTP weights, stats ~ weight RF
Router Rx adapt
A PHY-IA x
HTTP Rx TRANSEC ‘
data BFN The fix
decode adapt l R
x v ‘
PHY OFDM
RXoMéAC <« data l€_| BFI‘:;‘I » d';::l:gd¢ demod <
P decode bank
Sync
subsystem

US 7,248,841 and patents pending
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B3 : : :
802.11 Compatible PHY Time Framing
TxRxturn- Uplink Uplink  TxRxturn- ~ Downlink Downlink
around PPDU guard time around PPDU guard t|me
- 2 Js 1,024 ps > 224 ps 2 Us 1,024 ps 224 ps
2.5\ms TDD frame ;jru/ratlon >
A N\
)
: M
1.25 ms Tx frame duration L> nte bace
Uplink Downlink
transmission transmission
y N time
A / N\
256 modulated
- OFDM symbols, 4 ps/symbol
N
2 US | US US US us 2 DS | ., | DS | DS DS
us. 0 1 255 | 256 311 us. 0 255 | 256 3,
4 frequency — time
4 us OFDM data symbol 1 4 us OFDM data symbol 2 25 MHz
(160 samples, 40 Msps) (160 samples, 40 Msps) ﬁ channel
t o
3.2 ms FFT (128 samples, 40 Msps) (32 samples, 40 Msps) (92 subs x 312.5 kHz/sub)

» time
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Multiport PHY Transmit Processing

HTTP/ Tx mframe QTx (msub’mframe)
MAC M < M 240><M m =1 5 DTX (msub’mframe)
operations bit port ' 256xM

frame mfram port

ﬂembed(msub’mframe Tx TRANSEC pilot
pTx (msub’mframe)
16x1, my, = 1:52

Rx TRANSEC pilot
PRNA (msub’mframe )’ 256><Mport

Transmit node Receive node address (RNA)
address (TNA) TRANSEC keys
TRANSEC key
1 (Mo Miane) Map to 128-pt Repeat over Sac (Noac,Me. )
S.(m._..m - pac U'pacs T
236X Mper m 226 fr;;e) OFDM  —» sparse | » 32-sample —» M, x1DAC o
*Mant | subcarriers IFFT bank cyclic prefix input vector

MantXAéport Tx weights,
Tx(m sup?!T? frame)

DTx(msub’mframe) = [pTx (msub’mframe)lT; QTx (msub’mframe)]
> CTx (msub’mframe) = PRNA(msub’mframe)'*FHTZSG{DTX (msub’mframe)}
S.. (m.,.,m = C (m ,,m.. )G (m,.m
MantXMport RX BFN ? Mantx 1 TRC Tx( sub frame) Tx( sub frame) Tx( sub frame)

weights Subcarrier mask weights
WRx (Mg Miame) th(.msub) hTRC (msub)

(optional)
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Multiport PHY Receive Processing

Xaoc(MancsMirame)

M _x1ADC —» SIP —»

ant
output vectors

1:320

bank

RX (m,r)
256><M

XDx m sub’m frame

Select Map to
last 128 128-pt logical
samples —» FF'IP —> chagnpels )Z(EgETA;Ub’mfram)
each bank (active ant )
symbol subcarriers)
Rx pilot
pr (msub’mframe)

240xM.,.,

XPx msub’mframe

16xM,,

E
&

QDx (msub’mframe) b
240xM,

WRx(msub’mframe)
M ><M

ant

Dx(mframe)> NET/MAC
M. x1 | operations

frame

XRx (msub’mframe) = [IFHT256{p*Rx(msub’mframe)'*XCX(:’p; msub’mframe )}] p=1:Mant

XPx (msub’mframe) =
XDx (msub’mframe) =
QDx (msub’mframe) =

XRX(O:15’ ‘s msub’mframe)’
Xe, (16:255, 0 ;5 mg,me. ),

XDx(msub’mframe) WRx(msub’mframe)
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B3

Receive Adaptation Algorithm

XPx (m sub’mframe) Rx
1 6><Mant’ > weight ) WRx(msub’mframe)
gram? Mt ames Compute MantXMport frame m
subcarrier m frame’
S L subcarrier r?vsub
Tx node ID, geo;
channel analyze;
carrier/timing sync
Q — [qH(mant)]’ 16><Mant n(msub).’
X« [xH,, (m, )], 16xXM,, QRD whitened data matrix Compute subcarrier mg,,
antenna m,, ~»  (MGSO0), > n= [||q(Fi)n P
pilot data matrix subcarrier m ant i
R= M, Ma”t Detect M
upper-triangular significant
autocorrelation statistics oeaks

R = chol{X"X} ,

C = R il My 1x M, Subcarrier m

Q = XC combiner < ¢ po

= weights detected peaks
H _ ~
- QQCRl _ )I( Wy, = R'U, M, <M., subcarrier m
B unwhitened receive combiner weights
—>

U = 4Q(:,my,), M, <M, subcarrier m

whitened LS linear combiner weights



B3

Copyright © June 2009, Brian G. Agee. All rights reserved.

Example Network Simulation
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TNA: 1
RNA: 2
BER: 0.1%

TNA: 1
RNA: 3
BER: 0.005%

Frame
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1050 2p 10

BER SINR  dBm

1 20 a0
10 40
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10% -20 10
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RS
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1 20 50
10 40

-10
108 -20 10

* @
" B

TNA: 4
RNA: 2
BER: No errors

25kW |
4 SNOI
NAL1 "
BER SINR dBm BER SINR d

NA 4

1 20 50
10 40
0 30
-10 20
108 2p 10

BER  SINR  dBm

1 20 50
10 40
i 30
-10 20
1050 2p 10

1 20 50
10 40

i 30

-10 20

10% -20 10

E i

¢ 9
. &

TNA: 4
RNA: 3
BER: No errors
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B3 Detect Performance, 1% Miss-Rate, FAR (4 Misses, False
Alarms/Second)

TBP=32

(87% efficiency)
TBP =16

94% efficienc
TBP=g )

(97% efficiency)

2 ANTs 4 ANTs 6 ANTs 8 ANTs

» Detects intended transmit nodes at negative receive SINR'’s
—6 dB maximum attainable SINR for TBP of 16, in single 1.25 ms frame
—10 dB max SINR at TBP of 32
Equivalent to -9 dB to -19 dB receive SINR (LPD)

« Very low adaptation overhead (87%-98% link efficiency)

« Easily scalable in antenna or TBP dimensions
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B3 Example Throughput per Port (Mbps/Port), 30 dB Max Attainable
SINR

120 Mbps

80 Mbps TBP=32
/ (87% efficiency)
40 Mbps TBP =16
(94% efficiency)
> TBP =8
0 Mbps (97% efficiency)

2 ANTs 4 ANTs 6 ANTSs 8 ANTs
(27dBRxSNR)  (24dBRxSNR)  (22dBRxSNR) (21 dB Rx SNR)

- Reflects tradeoff between adapt overhead & performance
— Adapt TBP sets maximum efficiency
— Adapt performance sets actual SINR & Capacity
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Adaptation Algorithm Complexity (Expected DSP Operations),
Mcps/Port

40 Mcps
30 Mcps

20 Mcps
10 Mcps

TBP=32
(87% efficiency)
TBP =16

(94% efficiency)
TBP =8
P=8
2 ANTS, 4 ANTS, 6 ANTS, 8 ANTS, (97% efficiency)
2 Ports 4 Ports 6 Ports 8 Ports

All TBP’s achievable in SW at reasonable operations per port
—  Fit within low-cost C6701 computational cycles
— 2/3 derating added to account for memory transfer issues

All TBP = 16 ports achievable on a single DSP, 6 or fewer ANT's and ports (< 120 Mcps total operations)
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B3 : : :
Transceiver Complexity (Expected Coreware Operations), Mcps/Port
800 Mcps B
600 Mcps
TBP=32
400 Mcps (87% efficiency)
TBP=16

200 Mcps TRP = §94A efficiency)

0 Mcps (98% efficiency)

« Performance nearly invariant to number of antennas!
— Reflects linear complexity growth with number of ANT’s
— Operations dominated by OFDM modem!
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Implementation Considerations

* Theoretical results will be limited in practice by a host of realistic system issues:
- System and environment noise

»

»

~

%

»

»

»

Receiver bandwidth
Channel/array modeling error
Platform dynamics
Environment dynamics
Receiver precision

LNA nonlinearity

LO phase noise, |Q imbalance

Cross-sensor filter mismatches (BPF, LNA harmonic filter, antialiasing LPF’s, ADC hold time)
ADC precision

Adaptation algorithm complexity

Steepest descent versus rapidly converging methods
Power-domain (matrix inversion) versus voltage domain (QRD)

— Time-bandwidth product constraints (e.g., SOl/pilot duration, interarrival times)

- All of these issues will limit interference excision performance
— Number of interferers that can be excised
— Depth of nulls produced

* Results can be highly dependent on excision structures and methods chosen



